Vesicular stomatitis virus glycoprotein G-pseudotyped mouse retroviral vectors have been used as mutagens for a large-scale insertional mutagenesis screen in the zebra fish. To reproducibly generate high-titer virus stocks, we devised a method for rapidly selecting cell lines that can yield high-titer viruses and isolated a producer cell line that yields virus at a high titer on zebra fish embryos. Virus produced from this line, designated GT virus, is nontoxic following injection of zebra fish blastulae and efficiently infects embryonic cells that give rise to the future germ line. Using GT virus preparations we generated roughly 500,000 germ line-transmissible proviral insertions in a population of 25,000 founder fish in about 2 months. The GT virus contains a gene trap, and trap events can be detected in the offspring of almost every founder fish. We discuss potential applications of this highly efficient method for generating germ line-transmissible insertions in a vertebrate
A major task for biologists in the postgenome era is to determine the cellular and organismal functions of an estimated 30,000 human genes (24, 49) . A powerful approach for functional determination is forward genetic screens in model organisms. By altering genes at random with mutagens and screening for abnormalities caused by the mutations, genetic screens have yielded large collections of mutants with defects in development, physiology, and/or behavior, and many of these are models of human diseases (6, 11, 15, 16, 20, 34) . Identifying the genes mutated in forward genetic screens can be time-consuming, even in invertebrate models such as fly and worm, because most screens use chemical mutagens to induce mutations. Chemical mutagens are efficient, but they usually cause point mutations, the identification of which requires laborious genetic mapping and positional cloning. An alternative and complementary method is insertional mutagenesis (2, 44, 52) , in which DNA elements inserted randomly into the genome can disrupt gene function. If an insertion leads to abnormalities, the mutated gene can be readily identified using the insertion as a marker or tag. Efficient insertional mutagenesis using P elements in flies has greatly facilitated the cloning of many mutant genes (44) .
Because vertebrates have many more genes than invertebrates and have more complex physiological and behavioral repertoires, genetic screens will undoubtedly play an important role in understanding gene function in vertebrates despite the demanding nature of genetic screens in vertebrate species.
Already, two large chemical mutagenesis screens have identified more than 1,000 loci that are essential for zebra fish development (11, 15) . Several genetic screens of the mouse are also under way, and several hundred mutants, most of them dominant, have been identified (21, 32, 33, 42) . Because most screens in vertebrates employ ethylnitrosourea as the mutagen, cloning of mutated genes usually takes months or even years, even in the postgenome era. In zebra fish for example, the average time to clone a gene responsible for a mutant phenotype induced by ethylnitrosourea is currently about 1.5 years, although it is expected to decrease to about 9 months following completion of the zebra fish genome project. Clearly, efficient methods of insertional mutagenesis in vertebrates could contribute significantly to the task of assigning functions to genes.
Our laboratory developed a method of insertional mutagenesis for zebra fish that involves injecting vesicular stomatitis virus glycoprotein G-pseudotyped retroviruses into blastulae at 3 to 4 h postfertilization (14, 25) . Retroviral insertions in the primordial germ cells of injected fish (F 0 ) are transmitted to the offspring, and some cause mutant phenotypes (1, 2, 4, 14, 23) . About 1 in 85 proviral insertions inactivates a gene essential for embryonic development. We have reported the identification of several such genes using this technology (1, 2, 4, 14, 23) . Given the low frequency of identifiable developmental mutants per insert, we devised a protocol that uses fish with multiple insertions to perform an efficient large-scale screen. This protocol was made possible by the isolation of two cell lines, A7 and F5, which produce vesicular stomatitis virus G-pseudotyped SFG-nLacZ viruses at high titers on zebra fish cells (2, 13) . However, in the course of a large experiment that required making many stocks of virus, it proved difficult to reproducibly make high-titer, nontoxic virus preparations from these lines. In an attempt to improve the technology, we devised a method to select a cell line that would consistently yield virus preparations that have high titers on zebra fish cells and that are nontoxic following injection into embryos. The viral vector we used, designated GT, contains a gene trap construct that was introduced in the hope of further facilitating the identification and the expression patterns of mutated genes. Here we report the construction of the GT viral vector and the method we devised for quickly screening a large number of candidate virus producer clones. Using GT virus obtained from the best cell clone we identified, we generated 25,000 injected fish (F 0 ) in 2 months that together carry roughly 500,000 germ line-transmissible insertions. Furthermore, gene trap events can be detected in the progeny of almost all of the F 0 fish tested.
MATERIALS AND METHODS
Construction of GT retroviral plasmids. The plasmid pCLnZ was made by replacing the 3.0-kb BglII/BamHI fragment of pCLMFG-lacZ (31) with the 3.5-kb BglII/BamHI fragment of pSFG-nLacZ (13) . GT (gene trap) plasmids were made by inserting a gene trap module(s) into various locations in pCLnZ. The gene trap module consists of a branch point sequence, a splicing acceptor, a splicing enhancer from avian sarcoma and leukosis virus (47), a DNA fragment that encodes the FLAG epitope (DYKDDDDK) in all three reading frames, and a splicing donor. The modules were constructed as follows. A fragment encoding the FLAG epitope in three reading frames followed by a splicing donor (SD) consensus sequence was made by annealing the following two oligonucleotides: pAATTGACTACAAGGACGAGAATACAAGGACGAGACTATAAAGATGAA TGAGTGAGGGGTGAGTATCG and pAATTCGATACTCACCCCTCACTC ATTCATCTTTATAGTCTCGTCCTTGTATTCTCGTCCTTGTAGTC. The FLAG fragment was inserted into the EcoRI site of pAd3Ј
ENH (8) Production of virus by transient transfection. To evaluate the suitability of the viral constructs for producing high-titer virus, retroviral preparations were made by transiently cotransfecting pCMV-G (7) and the viral constructs into 293gp/bsr, a packaging cell line from Inder Verma of the Salk Institute. The cells were maintained in Dulbecco's modified Eagle medium-10% normal calf serumpenicillin-streptomycin. For transfection, packaging cells were seeded in a 10-cm-diameter plate at 50% confluence. The next day, cells were transfected using Lipofectamine reagents for 8 h according to the manufacturer's instructions (Life Technologies, Rockville, Md.). For each plate, 4 g of pCMV-G, 10 g of viral plasmid, and 100 l of Lipofectamine reagent were used. Culture medium was changed the next day, and the conditioned medium at day 2 posttransfection was assayed to determine the viral titer on 3T3 cells and zebra fish PAC2 cells (zebra fish embryonic fibroblast cells) as previously described (2, 9) . Selection of candidate virus producer clones. To select virus producer clones, 293gp/bsr cells were transduced with viruses made by transient transfection. Two days posttransduction, cells were incubated with the fluorescent ␤-galactosidase substrate fluorescein di-␤-D-galactopyranoside (Molecular Probes, Eugene, Oreg.) and cells were sorted by fluorescence-activated cell sorting according to fluorescence intensity. Cells above the 95th percentile were collected individually in 96-well plates. When confluent, close to a third of the cells in each well in the master plates were transferred into a well in three new 96-well plates, and the residual cells were kept in the master plates. The next day, cells in each 96-well plate were transfected by incubating for 8 h with 50 l of Opti-MEM containing 40 ng of pCMV-G and 3 l of Lipofectamine reagents. The medium was replaced daily with fresh culture medium.
Determination of viral titers using QPCR. We used real-time quantitative PCR (QPCR) analysis to compare the number of proviral insertions in transduced cells, similar to that used for selecting multi-insertion F 1 fish described previously (2) . The PCR assay uses an ABI PRISM 7700 sequence detection system (PE Applied Biosystems, Foster City, Calif.) to quantify PCR product accumulation through a dual-labeled virus-specific fluorogenic probe (i.e., TaqMan Probe) (18, 19) . Sequences of PCR primers and the TaqMan probe as well as the detailed method have been reported previously (2) . Briefly, PAC2 cells were seeded at 15% confluence in 96-well plates the day after the viral producer candidates were transfected with pCMV-G. The next day, 20 l of conditioned medium was added into each well of the 96-well plates containing 80 l of L-15-20% fetal calf serum-penicillin-streptomycin-10-g/ml Polybrene. After 3 h of incubation, the medium was replaced with normal PAC2 medium. Two days postinfection, PAC2 cells were lysed in 25 l of GNT buffer (10 mM Tris, 50 mM KCl, 5 mM EDTA, 0.01% gelatin, 0.45% NP-40, 0.45% Tween 20, 200 g of proteinase K per ml, pH 8.5) (27) . Two microliters of lysate from each well was taken for real-time QPCR analysis in which the amount of viral DNA and the zebra fish rag2 gene in each sample were both determined. The relative amount of viral and rag2 DNA, described as ⌬Ct, was calculated for each sample. The best clones, i.e., the clones that yielded the largest ⌬Ct, were chosen based on the average of the three data points.
Detection of gene trap events by reverse transcription (RT)-PCR.
To detect gene trap events in the F 1 fish, founder fish were out-crossed to uninfected wild-type fish and total RNA was isolated from a pool of 25 embryos from each clutch using Trizol reagents (Life Technologies). cDNAs were synthesized and then used as a template in 5Ј rapid amplification of cDNA end reactions by using a commercial kit from Life Technologies following the manufacturer's instruction. The nested gene-specific primer was TCGTCGTCCTTGTAATCCCT.
RESULTS

Construction of a novel gene trap virus.
A gene trap virus should facilitate the determination of the identity and the expression patterns of mutated genes. It seemed possible that the gene trap function might also increase the mutagenicity of the virus because it can convert some of the nonconsequential insertions in large introns into mutagenic ones as a consequence of aberrant splicing. Previous unpublished work from our laboratory indicated that conventional gene trap viral constructs containing a terminal exon that encodes a reporter such as ␤-galactosidase, green fluorescent protein, or neo usually yield virus preparations with titers 10-to 100-fold lower than those of the SFG-nLacZ virus. We therefore sought alternative forms of gene trap constructs by minimally modifying pSFGnLacZ. Instead of engineering a terminal exon, we inserted an internal exon and other essential RNA splicing elements into the viral vector. To try to prevent exon skipping, we added a splicing enhancer to the exon (47) and kept the exon length under 200 bp (5, 10, 45) . A reporter is a nonessential, but convenient, feature for our purpose. Therefore, we incorporated a sequence that encodes the FLAG epitope in all three reading frames. Thus, we generated a 270-bp gene trap fragment that harbors an exon of 172 bp (Fig. 1A) . Insertion of such an exon in a transcript downstream of the initiation codon will cause a frameshift mutation.
We placed the gene trap fragment in pCLnZ, which was made by replacing the entire 5Ј long terminal repeat and [psi]ϩ region of pSFG-nLacZ with that of pCLMFG-lacZ (30) . Because the 5Ј U3 is replaced by a CMV promoter in pCLMFGlacZ, we can produce reasonably high-titer viral preparations by transient transfection and quickly evaluate the usefulness of different viral constructs. We constructed several gene trap viruses by placing the trap fragment at several locations and determined their titers by transient transfection, testing for ones that can yield high titers. Figure 1 summarizes the schematic structures and the titers of those constructs. Since at best 50% of gene-disrupting insertions can be detected by a unidirectional gene trap, we explored the possibility of a bidirectional gene trap virus. In order to do so, we modified GT2.0 by eliminating the viral splice donor (GT3.0) and the splice acceptor (GT4.0) and placed another gene trap module between [psi]ϩ and nLacZ (pGT5.0). Comparison of the titers of the viral preparations made by transient transfection suggested that pGT2.0 is as good as pCLnZ, whereas the other four plasmids were not ( approach was abandoned. We henceforth refer to GT2.0 as GT. We went on to select producer cell lines for GT in our attempt to routinely obtain viral preparations with higher titers and minimal toxicities. High-throughput screening of viral producer clones. Unpublished data from our laboratory have indicated that there is often discordance between virus titers on mouse 3T3 cells and zebra fish PAC2 cells, and thus it is important to select virus producer clones based on titers on PAC2 cells or, ideally, on fish embryos. It seemed possible that the inconsistency of virus production from A7 and F5 might be due, at least in part, to the use of calcium phosphate-mediated transfection, which is known to vary from experiment to experiment. Therefore, we chose to use lipofection as the means of transfection.
Next, we developed a high-throughput method for screening viral producer lines. Previous producer clones were selected from a very limited number of candidate clones because a labor-intensive colony-counting method was used to select them. It is conceivable that better producer cell lines can be obtained by screening more candidates. Since the relative infectivity, rather than absolute infectivity, of virus from the candidates is important at the screening stage, we decided to select candidate virus producer lines by comparing the relative viral DNA content in infected PAC2 cells using QPCR. To test the feasibility of titrating virus by QPCR, we compared the relative amount of proviral DNA in PAC2 cells after incubating them with 100 l of 2-fold serial dilutions of a clone F5 produced SFG-nLacZ virus (SFG-nLacZ/F5) preparation in a 96-well plate. We found that the method has a wide linear range ( Fig. 2A) . Since up to 96 samples can be analyzed at a time and each assay takes only about 2 h, a large number of candidates can be analyzed in a day. We screened 230 candidates, among which 6 were chosen for further characterization because they all yielded titers better than a very good SFGnLacZ/F5 preparation (10) (Fig. 2B) . Clone 186 was selected because of its consistency in producing virus at high titers and its ease of maintenance.
We then optimized the transfection conditions for clone 186 to further improve viral titer and, more importantly, decrease the toxicity of viral preparations exhibited on injected embryos. Of 12 conditions tested, we found that for each 15-cm-diameter plate of cells, the best condition used 7.5 g of pCMV-G and 50 l of Lipofectamine (Fig. 3) . Using the optimized conditions, we made numerous high-titer stocks of GT virus over 3 months and had no failures.
Rapid generation of high-quality F 0 founder fish. Using GT virus made from clone 186 (GT/186) under the optimized conditions, we generated more than 25,000 F 0 fish in less than 3 months. Although the titer of typical GT/186 virus stocks determined on NIH 3T3 cells is only about two-to threefold as high as that of SFG-nLacZ/F5 preparations, its advantages are severalfold. First, GT/186 virus preparations are less toxic. Consequently, a higher fraction of injected embryos survive. Second, GT/186 preparations contain higher concentrations of infectious viral particles. As a result, we only had to inject embryos for one round rather than two rounds, as we had done for SFG-nLacZ/F5 virus preparations, to deliver sufficient virus to generate good founders (see below). This probably also partially explains the increased survival rate of injected embryos. It also doubled the number of embryos one person can inject in a day. On average, a trained injector can inject 1,000 blastulae in about 3 h using GT/186, compared to 450 using SPG-nLacZ/F5. Overall, the survival rate of injected embryos 1 day after injection was 57% using GT/186 versus 37% using SFG-nLacZ/F5. One injector can make about 200 adult founders per day using GT/186 versus about 50 using SFGnLacZ/F5, a fourfold increase in the rate of F 0 production (Table 2) . Third, GT/186-injected fish contain higher densities of proviral insertions. We used quantitative Southern blotting and/or QPCR to determine the ratios of viral DNA and endogenous rag2 DNA. The number of proviral insertions per cell was computed by comparing the ratios between fish to be tested and fish with known copy numbers of proviral insertions (2) . The average copy number of provirus in injected fish was determined at 2 days postinjection and is called the embryo assay value (EAV). The EAV of GT/186-injected fish is 14.3, compared to 3.6 for SFG-nLacZ/F5-injected fish. Previously, we have reported that injected fish with more than five proviral copies per cell would reliably produce gametes with multiple insertions (10) . Such fish are called "good founders." More than 96% of GT/186-derived fish are good, compared to only 25% using SFG-nLacZ/F5. Overall, compared to SFG-nLacZ/ F5, using GT/186 viral preparations increased production of good F 0 fish 16-fold (Table 2) . Finally, GT/186-injected fish transmit more unique insertions at higher densities. GT/186-derived fish often transmitted gametes with eight or more insertions (Fig. 4 ), which is rare in SFG-nLacz/F5-derived founders and has never been seen in SFG-nlacZ/A7-derived founders. The average number of unique inserts an F 0 fish transmits has not been systematically analyzed in SFG-nLacZ/ F5-injected or GT/186-injected founder fish. After analyzing a large number of SFG-nLacZ/A7-derrived founders, however, our laboratory has found that these fish on average transmit 12 unique germ line-transmissible insertions (21) . Based on the F 1 insertion profiles of representative F 0 fish injected with SFGnLacZ/A7, SFG-nLacZ/F5, or GT/186, we estimate a 50% increase in insertion density from SFG-nLacZ/A7 to SFGnLacZ/F5 and an additional 50% increase from SFGnLacZ/F5 to GT/186. Thus, on average there are 25 or more unique germ line insertions per GT/186-injected F 0 fish (Table  2) . Gene trapping in GT/186-derived F 1 fish. A detectable gene trap is essential for RT-PCR-based identification of mutated genes. Although gene trap events were detected in injected fish (data not shown), it was important to determine if such events could be detected in F 1 fish after passage through the germ line since inactivation of gene expression could occur (22, 36) . We thus performed 5Ј rapid amplification of cDNA ends (RACE) to see if gene trap events could be detected in the F 1 fish. Our data indicate that, in most cases, at least one gene trap event can be detected in a pool of F 1 offspring from each GT/186-injected F 0 fish (Fig. 5) . We purified 20 randomly selected 5Ј RACE fragments and determined their sequences. Of the 20, 12 were fusions between the trap exon and genes with known function, four were fusions between the trap exon and zebra fish expressed sequence tags with unknown function, and four were fusions between the trap exon and sequences with no homology in the GenBank. All fusions occurred at the splicing acceptor site of the trap exon as expected (W. Chen and S. Burgess, unpublished results). Due to high background problems, however, FLAG antibodies could not be used to determine the expression patterns of trapped genes. jvi.asm.org
DISCUSSION
We have described a high-throughput method for selecting high-titer retrovirus producer cell lines. We used this method to obtain a cell line that consistently yields viral preparations with high titers on zebra fish embryos. These preparations allowed rapid production of founder fish harboring more than 500,000 germ line-transmissible insertions in zebra fish. This number of insertional events has not been reported previously in a vertebrate animal.
Our method for selecting producer lines is independent of viral gene expression, allowing one to select viral producer cell clones for virus without a selectable reporter gene. Many retroviral vectors, including those for gene therapy, contain a selectable marker gene just for selecting a producer cell line. Inclusion of the extra sequence may not only lower the titer and decrease the expression of the therapeutic gene by promoter suppression (12) but also increase the immunogenicity of transduced cells (39) . Thus, viral vectors without selectable markers are desirable for gene therapy (35) . The method described here should be useful for selecting producer cell lines of such vectors. There are a few other marker gene-independent methods that measure viral RNA content in conditioned medium by various means (30, 35, 38) . Our method is more reliable than those, because viral RNA content can be a poor predictor of infection (46) . Our method is very similar to one developed independently by Towers et al. (48) .
Although insertional mutagenesis has been extensively used in large-scale forward genetic screens in bacteria, fungi, and plants, it has rarely been used for forward screens in vertebrates. Many insertional mouse mutants are found in transgenic lines by serendipity (50) . These mutants have sometimes helped in the identification of some long-sought mutant genes (see reference 28, for example). However, large-scale forward genetic screens using insertional mutagenesis have not been done in mice because they require such large resources. In zebra fish, however, because of the smaller body size and superior fecundity, our laboratory was able to conduct an insertional mutagenesis screen for genes essential for early development; this screen is expected to yield about 500 to 600 mutants, most of them induced by the GT provirus (2) . This number of mutants should correspond to roughly 15 to 20% of the genes that can be mutated to cause embryonic lethality in zebra fish. The current screen employs a conventional threegeneration F 3 scheme, which is space-and time-consuming. As a result, only a small fraction of the insertions transmitted by the F 0 fish are homozygosed and screened. However, gynogenesis-based screens in zebra fish have been successfully carried out and require less space and fewer resources (3, 37) . If combined with insertional mutagenesis, this approach could allow a moderate-sized laboratory to screen hundreds of thousands of insertions per year and to identify both embryonic and later-appearing mutant phenotypes.
The mutant frequency per F 3 family in our insertional mutagenesis screen is about seven-to eightfold lower than that in chemical mutagenesis screens. We had hoped that the gene trap feature of GT virus could increase the mutagenicity because it could convert some of the otherwise inconsequential insertions in large introns into mutagenic ones. Unfortunately, our data suggest that GT virus did not increase the mutagenicity significantly if at all relative to SFG-nLacZ virus (unpublished results). It is possible that the gene trap module is not as effective as hoped. In fact, we have observed skipping of the GT exon in many trap events (Chen and Burgess, unpublished). Alternatively, very large introns may be rare in the zebra fish genome. Nevertheless, even in the absence of the gene trap, the ease of cloning mutated genes makes insertional mutagenesis a highly attractive approach in zebra fish.
Besides their utility as mutagens, retroviral insertions have the potential to provide other useful forms of genetic manipulation. One obvious potential application is transgenesis. Currently, transgenic fish are made by injecting DNA into singlecell-stage embryos. In most cases, only 5 to 10% of injected fish transmit the injected DNA through the germ line, a frequency far below that which was seen by injecting GT/186 virus into early blastulae. Another potential application of this methodology is to express transgenes in a subset of cells in a specific tissue or organ if the virus is applied to a specific region of the animal at later stages of development, as has been routinely done with chicken embryos (29) . The insertional mutagenesis method may also be used for gain-of-function screens (17, 40, 41) , using retroviral vectors that contain transcriptional regulatory sequences such as the tetracycline-responsive promoter (TetOR) similar to the enhanced retroviral mutagen (ERM) vectors (26) , and the Saccharomyces cerevisiae UAS gal4 . The inclusion of the TetOR and/or the UAS gal4 promoters in the virus, in conjunction with transgenic lines that express their cognate transcriptional activators in tissue-specific patterns, may allow one to screen for gain-of-function phenotypes in specific organs or tissues. Such vectors can also be used in loss-of-function screens in the absence of the expression of exogenous transcriptional activators, allowing one to determine the function a virus-tagged gene in multiple ways.
Insertional mutagenesis can be used for reverse genetics as well as forward genetics. For example, hundreds of thousands of Tc1 insertion lines in Caenorhabditis elegans have been created, and their genomic DNA has been arrayed for PCR screens to find mutations in specific genes (52) . In Drosophila melanogaster, the flanking genomic sequences of more than 1,000 P-element insertions have been determined (43) . In the mouse, more than one-third of all the genes in the genome have been disrupted in ES cells by proviral insertion, and the sequences of those genes have been determined (51) . These insertion libraries are valuable resources for determining gene function and will become increasingly so as fully annotated genome sequences become available. Since zebra fish sperm can be frozen and in vitro fertilization is a routine laboratory practice, the rapid production of 0.5 ϫ 10 6 to 1 ϫ 10 6 germ line-transmissible insertions carried by about 2.5 ϫ 10 4 adult founder fish makes it possible to create a PCR-screenable sperm library similar to that in C. elegans, mouse ES cell clones, or P-element-tagged fly lines.
